In this study, we present results from teleseismic receiver functions, in order to investigate the crustal thickness and Vp/Vs ratio beneath northern Peru. A total number of 981 receiver functions were analyzed, from data recorded by 28 broadband seismic stations from the Peruvian permanent seismic network, the regional temporary SisNort network and one CTBTO station. The Moho depth and average crustal Vp/Vs ratio were determined at each station using the H-k stacking technique to identify the arrival times of primary P to S conversion and crustal reverberations (PpPms, PpSs þ PsPms). The results show that the Moho depth correlates well with the surface topography and varies significantly from west to east, showing a shallow depth of around 25 km near the coast, a maximum depth of 55e60 km beneath the Andean Cordillera, and a depth of 35e40 km further to the east in the Amazonian Basin. The bulk crustal Vp/Vs ratio ranges between 1.60 and 1.88 with the mean of 1.75. Higher values between 1.75 and 1.88 are found beneath the Eastern and Western Cordilleras, consistent with a mafic composition in the lower crust. In contrast values vary from 1.60 to 1.75 in the extreme flanks of the Eastern and Western Cordillera indicating a felsic composition. We find a positive relationship between crustal thickness, Vp/ Vs ratio, the Bouguer anomaly, and topography. These results are consistent with previous studies in other parts of Peru (central and southern regions) and provide the first crustal thickness estimates for the high cordillera in northern Peru.
Introduction
The complex structural and tectonic features of northern Peru are due to the rapid convergence (~60e70 mm/yr) between the subducting oceanic Nazca plate and the continental South American plate since the Mesozoic (DeMets et al., 1990; Kendrick et al., 2003; Norabuena et al., 1999; Villegas, 2009a) . One of the most dramatic consequences of this tectonic process is the presence of the Andes (Dewey and Bird, 1970) , which are characterized by the second-largest plateau in the world, and complexities in crustal thickness, major deflections, variations in the angle of subduction (Gutscher et al., 1999) , and along-strike variations in the width of high topography (Dalmayrac et al., 1980) . The boundary between the Earth's crust and the mantle, called the Moho, comprises a major change in chemical, rheological, and seismic properties. The Moho has an important relationship to many geological processes of great importance, such as earthquakes, volcanism, and orogeny. Detailed information on the variation of crustal properties and thickness are crucial for understanding the mechanism of crustal thickening, crustal evolution and the degree of isostatic compensation of a region (Yuan et al., 2002; Assumpção et al., 2013) .
Crustal thickness in Peru, especially in the southern and central regions, has been the subject of many geophysical studies, using gravity modeling (Fukao et al., , 1999 Tassara and Echaurren, 2012) and seismic data (James, 1971; Ocola et al., 1971; Tavera, 1990; Phillips et al., 2012; Phillips and Clayton, 2014; Bishop et al., 2014; Ryan et al., 2016) to understand tectonic and dynamic processes, as well as the relationship between surface topography (isostasy and mountain building) and crustal thickness. Additionally crustal structure studies have been carried out along the Peruvian continental margin using wide-angle seismic techniques (Hussong et al., 1976; Kulm et al., 1981; Krabbenh€ oft et al., 2004) .
The local crustal structure beneath northern Peru is comparatively poorly known. The first of crustal thickness estimates were computed using refraction and reflection data by Hussong et al. (1976) , giving estimates of Moho depth from 8 to 12 km beneath the continental margin and 30 km beneath the Pacific coast of northern Peru (Fig. 1) . Aranda and Assumpção (2013) estimated a crustal thickness between 35 and 40 km under the Amazonian Basin at the Brazil-Peru border (Fig. 1) . Additional estimates of crustal thickness on the continental-scale have been developed for South American, based on a data compilation from seismic refraction experiments, receiver function analysis, and surface-wave dispersion (Chulick et al., 2013; Pavão et al., 2012; and Assumpção et al., 2013, 2015) .
Receiver functions are one of the most commonly used techniques for the study of the Earth's crustal structure beneath a broadband seismic station. Teleseismic P-waveforms contain the combined effects of the earthquake source, the propagation medium and the instrument response. To determine Earth structure beneath a broadband seismic station, the effects of local structure, can be isolated from others factors using signal deconvolution (Langston, 1979; Owens et al., 1984; Ammon et al., 1990; Ammon, 1991) . The resulting waveform of the isolated site response is Fig. 1 . Tectonic map of northern Peru, showing the location of seismic stations used in this study and the main tectonic features and local crustal thickness result from previous seismic studies (Hussong et al., 1976, circles; Aranda and Assumpção, 2013, squares) , black dotted lines represent contours from the Slab1.0 model (Hayes et al., 2012) . Dark gray lines represent the outline of the Andean Cordillera (600 m elevation contour). Brown dashed lines indicate morphostructural units (modified from Audebaud et al., 1973; Dalmayrac et al., 1987; Tavera and Buforn, 1998) . Abbreviations: MFZ: Mendaña Fracture Zone; FA: Forearc; WC: Western Cordillera; EC: Eastern Cordillera; SA: Sub-Andes; AB: Amazonian Basin; and HD: Huancabamba Deflection, represented by the thick red dashed line. Line AA 0 corresponds to the schematic cross-section show in Fig. 10 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) known as a receiver function (RF).
To better understand the heterogeneous structure of northern Peru, we have used teleseismic data recorded at broadband seismic stations and analyzed RFs from each station in order to estimate for first time the spatial variations in crustal thickness and the Vp/Vs ratio beneath all of these stations. We used mainly data collected by the Peruvian National Seismic Network, and also data from a regional seismic network, and the recent compilation of information on crustal thickness by Assumpção et al. (2013 Assumpção et al. ( , 2015 . The crustal thickness results from this study will contribute to improving the regional crustal model for the Andean Chain.
Tectonic framework
Northern Peru forms part of the Central Andes (Gansser, 1973) where the tectonics (Andean Orogeny) have been driven by subduction processes since the early Mesozoic (M egard, 1987) . The complex structural evolution of the region has given rise to the formation of different geomorphological structures causing compressive and extensional stresses and resulting in uplift, crustal shortening and thickening, and formation of foreland basins (Soler and S ebrier, 1990) .
According to Martinod et al. (2010) , the Andean orogenesis has involved three major shortening episodes that correspond to periods of rapid trench-perpendicular plate convergence along the Andean margin: 1) the Late Cretaceous Peruvian Orogeny, 2) the Palaeocene-Eocene Incaic Orogeny, and 3) the Neogene Quechuan Orogeny. The latest episode was apparently associated with ridge impingement and the onset of flat subduction between~15 and 11 Ma. (Hampel, 2002; Rosenbaum et al., 2005) , which increased plate coupling and crustal shortening, reduced arc magmatism and volcanic activity, and enhanced hydrothermal activity (Gutscher et al., 2000; Rosenbaum et al., 2005; Martinod et al., 2010) .
Our study focuses on the segment bounded between latitude 0 S and 11 S, where the Andean Cordillera reaches elevations of 4000 m and undergoes a major change in trend from NW to NNE at 6 S called the Huancabamba Deflection (HD) which changes the topography of the Andes between central Peru and Ecuador, (Cobbing, 1981; M egard, 1987; Mourier et al., 1988; Mitouard et al., 1990) . Furthermore, in this region, the subducted Nazca plate has a "flat-slab" geometry (Gutscher et al., 2000; Ramos and Folguera, 2009 ).
The Peruvian shallow or flat-slab subduction segment (3 S to 15 S) is by far the most extensive region of flat-slab subduction in the world (Gutscher et al., 2000) , in which the Nazca Plate subducts at a normal dip (~40 ) to a depth of around 100 km (Fig. 1) , most likely lying directly beneath the overriding continental lithosphere, and then extends horizontally at this depth for several hundred kilometers before steepening again to the east (Cahill and Isacks, 1992; Phillips and Clayton, 2014) . The region is characterized by the absence of arc volcanism and low heat flow (~40e80 mW/m2) (Henry and Pollack, 1988; Cardoso et al., 2010; Haraldsson, 2011) , in contrast to the normally dipping regions to the south.
According to Audebaud et al. (1973) , Megard (1978) and Dalmayrac et al. (1980) , our study region can be subdivided into the following main morphostructural units which strike parallel to the Pacific coast from west to east. These are (1) the Forearc, (2) the Western Cordillera, (3) the Eastern Cordillera, (4) Sub-Andes, and (5) the Amazonian Basin.
• The Forearc (FA) is composed mainly of Precambrian and Paleozoic marine sedimentary and metamorphic rocks, and extends from the trench up to the western boundary of the Andean Cordillera following a NW-SE orientation, with maximum elevations between 900 and 1200 m.
• The Western Cordilleras (WC) represents a morphological and structural asymmetry about 150 km wide and reaches elevations ranging from 3500 to 5000 m. It is dominated by the Coastal Batholith, which consist of multiple intrusions. The older units show the effects of compressive deformation that presumably occurred during the late Eocene to Miocene (Megard, 1978; Wipf, 2006 ). • The Eastern Cordillera (EC) began to form during the Hercynian (Devonian) period and has a Precambrian basement. It reaches elevations of~4000 m and width increases from~100 km in the north to 150 km in the south. It is composed of crystalline and plutonic rocks overlain by Paleozoic shallow marine and continental deposits (Dalmayrac et al., 1980) . The main structures in the region include open folds and steep thrust faults.
• The Sub-Andes (SA) belt is a region of eastward converging compressive structures that have decreasing magnitudes of deformation toward the Brazilian Shield (Dumont et al., 1991) . It corresponds to a fold and thrust belt which has developed since Miocene times (Tankard et al., 1995) on a heterogeneous substratum inherited from pre-Andean Paleozoic, Triassic and Jurassic basins.
• The Amazonian Basin (AB) is comprised of Paleozoic and Mesozoic marine sediments which are overlain by massive continental deposits of Tertiary age (Megard, 1978; Su arez et al., 1983) . The deposits have been faulted and folded most extensively at the Andean margin, but deformation decreases toward the east where the sedimentary layer thins onto a foreland basin on the Brazilian Shield.
Data
We have used data from regional and international networks distributed in northern Peru. The first data set was collected from 15 permanent broadband seismic stations and recorded between 01/2012 and 02/2015 by the National Seismological Network (NSN) (Fig. 1) , operated by the Instituto Geofísico del Perú (IGP). The second data set was obtained from the past deployment in NW Peru of a network (SisNort) of 12 temporary local broadband seismic stations operating from 11/2008 to 12/2009. Finally, data from one auxiliary seismic station (AS077-ATH) from the CTBTO (Comprehensive Nuclear-Tes-Ban Treaty Organization) network were also examined for the period from 01/2012 to 02/2015. The seismic stations were equipped with Trillium and Guralp CMG-40T broadband seismometers, with Nanometrics (Trident, Taurus) Digitalizers and Reftek 130s.
We obtained records of teleseismic direct P-phase arrivals from each seismometer for the calculation of teleseismic RFs. The information for the teleseismic earthquakes was extracted from the PDE catalogue of US National Earthquake Information Center (NEIC). We selected events with magnitudes greater than 5.5 Mb that occurred at epicentral distances ranging between 30 and 95 , which in general provided reasonably good coverage in terms of back-azimuth, helping to reduce the influence of lateral crustal structure variations on the analysis of our result (Fig. 2) .
Methodology
The RF is a well-established seismological method, and has been extensively used in recent decades to estimate the crustal thickness beneath three-component seismic stations, through the identification of major impedance contrasts using the P to S converted phase obtained through the deconvolution of the vertical from the radial components of a seismogram in either the frequency domain or the time domain (Langston, 1979; Owens et al., 1984; Zandt and Ammon, 1995) . The P to S converted phase from the Moho in RF waveforms and their relative arrival times can be used to constrain the crustal thickness and the Vp/Vs ratio beneath a seismic station (Zandt and Ammon, 1995; Zhu and Kanamori, 2000) , and then the crustal composition can sometimes be inferred from the average Vp/Vs (or Poisson's ratio).
Prior to RF calculation, we automatically identified the P arrival time for each event using the global velocity model (IASP91) included in the TauP software (http://www.seis.sc.edu/taup/) (Crotwell et al., 1999) . Then we detrended and tapered the signal. We visually inspected each and manually selected those with high signal-to-noise ratios. We rotated the two horizontal components to obtain radial and transverse components. Stations with orientation errors in the north component azimuth, were rotated using the analysis of the particle motions of teleseismic P waves in each station. To eliminate the effects of the ocean or storm waves, surface waves and high frequency noise we applied a band-pass filter to each waveform with corner frequencies of 0.05 and 5 Hz.
In order to remove the source and instrument response, RFs were obtained by deconvolving vertical components from radial components using the time domain iterative deconvolution technique (Ligorría and Ammon, 1999 ) with a maximum of 500 iterations. We tested a range of different Gaussian ("a") width factors at each station, the best resulting RFs were calculated using "a" values of 1.0, 1.5, and 2.5. Each "a" value is sensitive to a different frequency range, which makes the RFs sensitives to different features.
The greater the "a" factor value the more sensitive the resulting RF is to thin features (Frassetto et al., 2011; Poveda et al., 2015) . We used the lowest "a" values for places where a thick crust was expected (beneath the Andean Cordillera), and the largest values for locations where a thin crust was expected, especially for stations located at the flanks of the Andean Cordillera. Finally, the radial and transverse RFs obtained through the deconvolution, were examined in order to eliminated low quality RFs. Only RFs with variance reduction of greater than 70% were selected for use in subsequent analysis.
We used the H-k stacking method of Zhu and Kanamori (2000) , to estimate crustal thickness (H) and Vp/Vs (k) ratio (Poisson's Ratio) beneath all stations. We used an a priori assumption of 6.1 km/s for the average crustal P-wave velocity, following the local crustal velocity model proposed by Lindo (1993) and Villegas (2009b) for this study area.
RFs were stacked using the method of Zhu and Kanamori (2000) , which uses the times of the converted phase and multiples to obtain estimates of the depth of an interface and average Vp/ Vs ratio above the interface by summing the observed RF amplitudes at the expected times of the P-to-S conversions (Zhu and Kanamori, 2000) . A search is done over a range of depths and Vp/ Vs ratios based using different many events.
The H-k stacking technique sums the amplitudes at the predicted arrival times of Moho Ps and multiples (PpPs and PpSs þ PsPs) of the radial RF for different crustal thicknesses (H) and Vp/Vs ratios (k). The optimum values are determined by finding the maximum amplitudes of the H-k stack. Given the greater robustness of the P to S conversion at the Moho compared with that of the multiples, we used weighting factors for the Ps, PpPs, and PpSs þ PsPs of 0.7, 0.2, and 0.1, respectively, as recommended by Zhu and Kanamori (2000) . However, there is a limitation to this technique and cases where it may fail, due to the interference of crustal reverberated phases (Cassidy and Ellis, 1993; Zhu and Kanamori, 2000) .
When using the H-k method, the best solution has an associated surrounding region enclosed by an ellipse which represents the area where the stack is within one standard error of the maximum amplitude value (Eaton et al., 2006) ; we use the ellipse to define the uncertainty in H and Vp/Vs using the bootstrap method of Efron and Tibshirani (1991) , which involved repeating the stacking procedure 200 times, each time using a resampled data set selected at random from the original data set. A time window chosen to calculate the RFs from À5 s before the P-wave to (35e65) s after the P-wave to retain the Moho conversion phases as well as reverberation phases. Erratic traces or outliers were visually removed, and after this selection we obtained 981 RFs from 28 stations. Fig. 3 shows the results of RFs for FIC, AS077-ATH and IQT stations that are located in three different geomorphological units, (the FA, WC, and the AB, respectively). We stacked the individual traces after applying move-out correction for the Ps-phases at three stations (the traces at the top of each figure) . The Ps-phases at the Moho are correlated with the individual receiver functions. The RFs are arranged by epicentral distance, stations FIC and IQT show clear Moho converted Ps phases with positive peaks approximately at 3.5 and 3.8 s, while the station AS077-ATH shows the Ps phase at 7.5 s. The multiple phases (PpPs and PpSs þ PsPs) do not show up clearly in the single station RFs and this may be caused by the interference of crustal reverberations associated with the complex mid crustal features in the study area. The use for a normal move-out correction to align the Ps phases at each station can also misaligns the multiple phases, further obscuring these phases in the stacked traces.
To identify potential, approximates times of multiple phase arrivals, we calculated theoretical travel-time curves of phases Ps and multiples, using the optimal H and k values. For station FIC, the Ps, phase can be identified at~3.5 s, while potential PpPs and PpSs þ PsPs phases may correspond to the arrivals near~12.1 s and 15.6 s after the first P arrival (Fig. 3a) . For station AS077-ATH, we identify the Ps, arrival at approximately 7.5 s, and potential PpPs and PpSs þ PsPs phases at~21.3 s and~28.8 s (Fig. 3b) . Finally for the station IQT the large amplitude Ps, arrival can be identified at 3.8 s, and potential PpPs and PpSs þ PsPs phases arrivals near 15.1 s and~18.9 s respectively (Fig. 3c ). The optimal estimate of H and k values (Fig. 4) (Fig. 5) , due to the large contrast in velocity between the crust and the mantle, and show the arrival times of the Ps conversions that reflect the geometry of crustal and mantle interfaces. In contrast the reverberation phases are harder to observe, mainly due to the complexity of crustal structure in the Andes and to misalignment of multiple phases resulting from the normal move-out correction applied to better identify the Ps arrival. 
Results
Crustal thickness and Vp/Vs ratio are two important factors in characterizing the crustal structure and physical properties of the crust (Zandt and Ammon, 1995) . We obtained maps for crustal thickness (Figs. 6 and 7) and Vp/Vs ratio (Fig. 8) variations measured at 28 seismic stations in the study area. The maps indicate significant lateral variations from west to east in the crustal structure of northern Peru. Detailed results from each station are also listed in Table 1 . Fig. 6 shows the independent values of crustal thickness at each station estimated in this study of northern Peru. In general, the values in the Andean Cordillera with the crustal roots progressively thickening from NNW (55 km) to SSE (62 km), while on the flanks the values range between 25 and 30 km in FA and 35 and 40 in the SA and AB. This result is in good agreement with topography, and this crustal thickness tendency is consistent with the continentalscale crustal thickness models of South America derived from different data set.
Crustal thickness
A smoothed contour map of crustal thickness in northern Peru is giving in Fig. 7 , showing the distribution of crustal thickness in northern Peru and surrounding areas based on data from this study (Fig. 6) . Adjacent areas outside of station coverage were constrained based on the regional scale crustal thickness map from Assumpção et al. (2013 Assumpção et al. ( , 2015 . We note that measured crustal thickness range from 22 km to 30 km in the FA zone, which reflect RF results at stations FIC (30.6 km), CLB (28.2 km), PCM (29.5 km), CBT (22.5 km), BYV (27.9 km), and CHO (27.1 km). Thicker crust appears beneath the coast near to the Peru-Ecuador border, with an average value of 35 km beneath stations CHL (33.8 km), LCN (36.9 km), and MTP (35.7 km).
Crustal thickness varies from 50 to 55 km beneath the WC and EC, showing a clear increase in depth to Moho from north to south, with maximum values appearing in central Peru beneath stations HCO (63.3 km), YANA (62.7 km), and OXA (57.2 km). These values are consistent with previous result for central Peru proposed by Bishop et al. (2014) , who estimated a crustal thickness of up to 62 km for the area from RFs. In the SA zone, between the EC and the AB (Fig. 6) , the crustal thickness decreases to an approximate range of 37 kme44 km (stations MOY, TAR, BLV, and NIEV).
Overall, thinner crust is observed in the AB with values between 35 km and 40 km (station PUC, YRM, and IQT). This is consistent with results from Aranda and Assumpção (2013) who estimated a crustal thickness of 35e40 km in this region.
The similar pattern in crustal thickness have also been found in previous studies derived from different techniques such as CCP stacks, gravity and surface waves Aranda and Assumpção, 2013; Assumpção et al., 2013 Assumpção et al., , 2015 Chulick et al., 2013; Bishop et al., 2014) . Overall, our results agree well with the continental-scale models that were mentioned previously, while improving the resolution in many areas beneath the study area. (Fig. 8) . Fig. 9 summarizes the crustal thickness and Vp/Vs results for each station and shows a clear correlation between these two variables. Uncertainties in crustal thickness estimates are less than 
Vp/Vs ratio

Discussions
The distribution of the crustal thicknesses and Vp/Vs ratios in our study area reflect the characteristics of different geomorphological units in northern Peru. Although previous models have used less information for their studies, our observed values of crustal thickness in WC an EC, compared to FA and AB, are consistent with expectations from regional gravity modeling and tomography studies (Lloyd et al., 2010) , and are also comparable with those estimated by Aranda and Assumpção (2013), Chulick et al. (2013) , Bishop et al. (2014) , and Assumpção et al. (2013 Assumpção et al. ( , 2015 . In general, all previous crustal models for northern Peru suggest that the greatest crustal thickness occurs in the EC and WC. The RFs that we present in this study confirm these observations and inferences.
Crustal thickness and Vp/Vs ratio
The crustal thickness varies between 25 and 55 km in northern Peru and the surrounding area (Fig. 7) . We have found a sharp increase in crustal thickness from north to south along the Andean Cordillera that matches variations in the elevation. We find average crustal thicknesses of 50 km near the Peru-Ecuador border in the Huancabamba Deflection region (6 S) where elevations reach at most 1800 m while values to the south vary from 55 to 60 km near For the purposes of comparison, topography has been labeled on the top of each profile in Fig. 10 . The section A-A 0 extends from the FA, crossing the Andean Cordillera and into the AB. Lateral variations of the elevation (ETOPO1), the Bouguer gravity anomaly (Fukao et al., 1999; F€ orste et al., 2014) , crustal thickness (this study), average Vp/Vs ratios (this study) and heat flow (Cardoso et al., 2010; Haraldsson, 2011) are shown along a W-E profile (Fig. 10) . The cross-section shows high Bouguer gravity anomalies that suggest the presence of high density material at depth, which is consistent with the crustal thickness; on the other hand, it also shows a quite asymmetric gravity anomaly associated with the WC and the EC, in marked contrast with the symmetric pattern in the topographic profile. According to Fukao et al. (1989) gravity and crustal models indicate the WC is approximately in isostatic equilibrium, while the EC is not, and this contrast in mechanical state and the difference in recent tectonics suggest that the WC and the EC have not been uplifted entirely through the same tectonic process. We see high values under the WC, that supports this hypothesis. Our model of crustal thickness inferred from RFs shows values between 50 and 55 km under the WC (Fig. 7) , while the estimate by Fukao et al. (1989) were between 45 and 50 km.
To better analyze the crustal isostatic compensation under the Western and Eastern Cordilleras. We used a topography model (GTOPO30, Lindquist et al., 2004) to derive the predicted Airy isostatic crustal thickness (Molnar and England, 1990) .
Along the cross-section A-A 0 the Western and Eastern Cordilleras merge with the average elevation for the WC being~2.8 km and the EC elevation being~2.4 km as measured off spatially filtered topography (with features larger than 50 km Â 50 km passed) (Fig. 10a) . Assuming isostatic compensation at the Moho and using standard values for a crustal density of 2.8 g/cm 3 , a mantle density of 3.3 g/cm 3, and a reference crustal column of 35 km at sea level we calculate crustal thickness values of 53.5 km and 49.5 km for the Western and Eastern Cordilleras respectively. This is very similar to the observed values of crustal thickness along the A-A' cross-section of 54 km at station AS077-ATH in the WC and 47 km at station CHA in the EC. These estimated crustal thickness values based on crustal isostasy are within the error bars calculated from the receiver function analysis in this study (Fig. 10c) . We conclude that along the A-A' cross-section the crust is isostatically compensated at the Moho. The crustal thickness profile is very similar to the pattern predicted by Fukao et al. (1999) 's gravity measurements with the largest negative mGal value corresponding to the highest elevation and thickest crust (Fig. 10b) . Further to the south the elevation increases for both the Western and Eastern Cordilleras as does the calculated crustal thicknesses (stations HCO, YANA and OXA) consistent with the assumption of isostatic compensation at the Moho. To the north stations BAG and SIG have crustal thicknesses of~54.5 km and~53 km respectively but at a lower elevation, hence this region is likely not locally isostatically compensated. The different geological and tectonic characteristic between WC and EC have been reveled by different studies. According to Kono et al. (1989) , two dominant process occur in the WC and the EC. The first, in the WC, the dominant process is the emplacement of magma into the crust. In the EC, the dominant process is crustal shortening due to compression from the Brazilian shield. Recently Villegas-Lanza et al. (2016) found evidence for different dynamic patterns and crustal deformation in the WC and EC using GPS data, revealing that the rigid motion of the Peruvian FA extends from the oceanic trench axis to the WC and EC boundary. This region moves southeastward at 4e5 mm/yr relative to a stable South America reference frame. GPS data also indicate that the SA shortening increases southward by 2e4 mm/yr.
The Vp/Vs ratio (or Poisson's ratio) offers critical constraints on determining crustal thickness and is sensitive to rock composition, generally increasing with higher mafic content (Zandt and Ammon, 1995) . Laboratory experiments have shown that many physical and chemical factors can induce variations of the average crustal Vp/Vs ratio (Christensen, 1996) . Vp/Vs ratios show variations with changes in pressure and temperature. However, the mineral content of rocks plays a significant role in Vp/Vs ratio variation. The amount of quartz and plagioclase feldspar present in common igneous rocks has the dominant effect on the Vp/Vs ratio (Chevrot and van der Hilst, 2000) . In general, mafic rocks have a high Vp/Vs ratio while felsic rocks have a low Vp/Vs ratio, due to their different mineral contents.
The Vp/Vs ratio values are not distributed in a uniform pattern, but in general the Vp/Vs ratios correlate overall with geomorphological units. We see that high average values (Fig. 10) can be Fig. 7 . Crustal thickness map in kilometers beneath northern Peru and adjacent areas. The values include topographic elevation. In addition to our results, we have also included data from previous studies compiled by Assumpção et al. (2013 Assumpção et al. ( , 2015 . Lines AA 0 correspond to schematic cross-section showing in Fig. 10 . Contour interval is 5 km. associated with regions of greater crustal thickness (WC and EC) and low values are mostly located in the coastal FA, the SA, and the AB where the crustal thickness is thinnest.
The variation in Vp/Vs ratios indicate significant lateral heterogeneity beneath northern Peru. The FA, SA, and AB have the lowest Vp/Vs ratios (1.62e1.76), which imply that the crust may be more felsic in composition. In contrast, high Vp/Vs ratios (1.78e1.88) are observed around the WC and EC. These higher Vp/ Vs ratios indicate that the crust beneath these areas is probably more mafic in composition particularly associated to an existence of old volcanicarc.
In addition, the region presents values of heat flow that range between 40 and 80 mW/m2 (Cardoso et al., 2010; Haraldsson, 2011) , which corresponds to the variation of Vp/Vs ratio and crustal thickness (Fig. 10 ). This could be reflecting zones with remnants of magma partially molten in the crust which in turn cause the hydrothermal activity and elevated temperatures seen in numerous surface manifestations including hot springs in this region that have been linked to the geothermal gradient (Vargas and Cruz, 2010) .
We suggest the high Vp/Vs ratio beneath the high topography could correspond to the Cenozoic volcanic deposits and any mafic lower crustal material that was emplaced during the Cenozoic before the onset of completely flat slab subduction and the ongoing migration of the Nazca Ridge (Antonijevic et al., 2015) . To investigate this hypothesis we suggest the future application of techniques like tomography and seismic arrays scale CCP stacking of RFs in this region.
Our Hk-stacking analysis shows that the average Vp/Vs ratio of the crust for the entire area is 1.75. This value is consistent with the Vp/Vs ratio of 1.75 used in previous RF studies in central Peru. Bishop et al. (2014) used Wadati diagrams (Wadati, 1933) in central Peru for the PULSE array and determined a Vp/Vs ratio of 1.75 ± 0.01 and this value is consistent with values determined by Hk-stacking immediately south of our study area (Phillips et al., 2012) and more generally in the central Andes (Cunningham et al., 1986; Dorbath and Granet, 1996) . Expressed in terms of Poisson's ratio, our average value is comparable to the global crustal average value (0.26e0.27) reported by Christensen (1996) and Zandt and Ammon (1995) .
The study region is characterized by crustal complexities and intense tectonic activity (active orogenesis, extensional and compressional processes), and these complexities are reflected in the RFs. However, the spatial density of seismometers and the good azimuthal coverage of data have helped us in the first order estimate of the crustal structure and Moho geometry beneath northern Peru. These results should be useful for future studies of crustal structure and evolution in northern Peru, however further investigation is required for a better understanding of the seismological features we have observed.
Conclusions
We have investigated the crustal structure beneath northern Peru, a region that has not been studied in detail previously, by applying the RF method to estimate the crustal thickness and Vp/Vs ratio at 28 broadband seismic stations. The distribution of the Table 1 for numerical values.
crustal thickness and Vp/Vs ratio show a good correlation with the region's known geological and tectonic features. Imaging of the P-to-s conversion from the Moho suggest that the crustal thickness is around 25 km near the coast, have a maximum thickness of 55e60 km beneath the Andean Cordillera, and 35e40 km further to the east in the Amazonian basin. The heterogeneous and complex crustal composition is revealed by Vp/Vs ratios that have high values (1.78e1.88) in the WC and EC and low values (1.62e1.77) in the FA, SA, and AB.
The maximum crustal thickness was found beneath the WC, consistent with isostatic hypothesis. The EC crust is not as thick as the WC, which implies an isostatic imbalance. The crust thins to the west beneath the FA and to the east beneath the SA and AB. Assumpção et al. (2013 Assumpção et al. ( , 2015 , average values for each station along the section A-A 0 and based on calculations assuming crustal isostasy under the Western and Eastern Cordilleras. d) Average Vp/Vs ratio and Geothermal Heat Flow (Cardoso et al., 2010) .
The Vp/Vs ratios correlate with the variations in heat flow, crustal thickness, and topography with the high elevations of the WC and EC having high Vp/Vs ratios and the low elevations of the FA, SA and AB having lower Vp/Vs ratios. This suggests a dominantly felsic composition in the middle crust and an intermediate to more mafic composition at the base of the crust under high elevations. A rapid transition is seen in crustal thickness between the FA and WC, compared to a more gradual transition between EC, SA and AB. Our results provide some constraints on understanding the mechanism of uplift and crustal thickening in the region and help to increase the database of crustal thicknesses for better understanding the geodynamic of Northern Peru.
